Introduction
Genetically modified organisms are important and essential tools for biomedical research and have been used extensively for the discovery of many basic biologic mechanisms. Mice, in particular, have been genetically altered many times to understand the function of genes and their involvement in physiologic responses, such as inflammation. Especially, loss-of-function studies using knockout mice are very commonly used to shed light on the role of a given factor in a process of interest. In recent times, however, it is increasingly realized that many conclusions drawn from such experiments may be ultimately flawed as a result of the complexity of genetic differences between and even within mouse strains [1] . These differences can potentially explain many phenotypes observed in knockout mouse strains as a result of inadequate backcrossing after generation of these strains. Importantly, spontaneous mutations causing phenotypic differences between mouse strains were also instrumental for understanding key immunologic mechanisms, such as the recognition of TLR4 as the receptor for LPS [2, 3] and the role of M-CSF in myelopoiesis [4] . Furthermore, some knockout mouse strains have been found to harbor additional genetic mutations, in some cases, leading to a deficiency in multiple genes, which could potentially, dramatically affect the observed phenotype. An example of this would be the recently discovered caspase-11 deficiency in the caspase-1 knockout mouse [5] . Likewise, we recently found impaired IL-1a production in 1 out of 2 different strains of IL-1b 2/2 mice [6] , which led to an overinterpretation of the role of IL-1b in atherosclerosis and possibly other disease models. Furthermore, it was recently shown that the deficiency in migration of DCs from NOD-like receptor family, pyrin domain containing 10 mice was a result of the presence of an additional mutation in dedicator of cytokinesis 8, which indeed was also present in all animals from the C3H/HeJ strain [7] . This underlines the notion that the presence of additional genetic confounders can often explain differences between knockout mice strains, where the same gene was targeted but in different laboratories and sometimes in different genetic backgrounds. Additionally, polymorphisms in genes linked to a knockout allele may also affect observed phenotypes and lead to conflicting results [8] .
PI3Ks are important signal transduction proteins that are involved in mediating many essential cellular responses, such as cell growth, division, and survival. We started out with the aim to address the role of PI3Kg signaling upon infection with influenza virus in vivo using well-described PI3Kg 2/2 mice. Here, we show that a colony of these knockouts [9] is hypersusceptible to influenza virus infection exhibiting pronounced morbidity, as well as strongly impaired survival. We further show that this phenotype was caused by additional mutations in the GM-CSFRa (Csf2ra) chain, present in this mouse strain, as opposed to the PI3Kg deficiency. This defect led to a translational stop before the transmembrane region and consequently, a complete absence of GM-CSFR signaling and thus, a lack of alveolar macrophages, which are essential for survival during an influenza virus infection. By gain-of-function studies, we demonstrated that this mutation could be corrected with a WT copy of the Csf2ra gene, leading to a complete rescue of GM-CSFR signaling. Additionally, we found a homozygous mutation of the Muc2 gene, which is a potential null allele that may be involved in intestinal tumorigenesis [10, 11] . These results exemplify the risk of associating phenotypes with targeted genes in knockout mice without genetic complementation. Moreover, the data establish the first specific GM-CSFRa knockouts.
MATERIALS AND METHODS

Mice
C57BL/6 were obtained from Charles River Laboratories (Germany). Pik3cg 2/2 (Pik3cg tm1Pngr ) mice were provided by J.P. [9] . Pik3cg 2/2 (Pik3cg tm1Wym ) [12] and PI3Kg KD (Pik3cg tm1Ehi ) mice [13] were backcrossed for 20 and 15 generations to C57BL/6, respectively, and provided by E.H. Csf2rb 2/2 mice were provided by Burkhard Becher (University of Zurich, Switzerland). Csf2ra A302Gfs* 1 (Csf2ra m1Kopf ) mice were initially derived from Pik3cg tm1Pngr , backcrossed for an additional 3 generations to C57BL/6, and carry WT alleles of Pik3cg. All animals were housed in individually ventilated cages under specific pathogen-free conditions and were used for experiments at between 7 and 12 wk of age. All animal experiments were approved by the local Animal Ethics Committees and were performed according to local guidelines and Swiss animal protection law.
Influenza virus infection
Influenza virus strain PR8 (H1N1) was originally provided by Jovan Pavlovic (University of Zurich). For infections, the mice were anesthetized and intratracheally inoculated with 50 PFU in 50 ml endotoxin-free PBS. To determine influenza virus titers in the lungs, samples were collected on various days after infection, homogenized, and serially diluted with MDCK cells, as described [14] . Virus-specific antibodies were detected by ELISA, as described recently [15] .
Cell suspension preparations
Mice were killed by intraperitoneal injection of sodium pentobarbital at a dose of 400 mg/kg body weight (Euthasol; Virbac, Glattbrugg, Switzerland). The lungs were then flushed 3 times with 400 ml PBS, and BALF cells were harvested by centrifugation. The lungs were digested for 45 min at 37°C with 2 mg/ml type IV collagenase (Worthington Biochemical, Lakewood, NJ, USA) and 0.02 mg/ml DNase I (Sigma, St. Louis, MO, USA) and were passed through a 70 mm cell strainer. Ammonium-chloride-potassium buffer was used for erythrocyte lysis. . Mice were analyzed 10 wk postreconstitution. BM chimeras were analyzed 8-12 wk postreconstitution.
Flow cytometry
Genome sequencing
Tail genomic DNA was prepared using the Qiagen DNeasy kit (Qiagen, Valencia, CA, USA), according to manufacturer's instructions, and subjected to whole-genome sequencing as described [17] . In brief, 100 bp paired-end read libraries were prepared and sequenced on an Illumina HiSeq 2000 (Illumina, San Diego, CA, USA), with all 3 sample libraries barcoded and loaded onto a single lane. Reads were aligned to the mouse reference genome (mm10) using Stampy [18] with Burrows Wheeler Aligner settings, and duplicate reads were identified and discarded using the Picard tool (http://broadinstitute.github.io/picard/). Variants from all 3 samples were joint called by Platypus version 0.1.9 (www.well.ox.ac.uk/ platypus) [19] and annotated using ANNOVAR [20] with Reference Sequence (RefSeq) and dbSNP 138 annotations.
Cell culture and transfection
BM-derived DCs were differentiated in vitro in complete RPMI, supplemented with 2 ng/ml GM-CSF. For retroviral transfections, the mouse GM-CSFRa coding sequence was amplified by RT-PCR and cloned into pMY-IRES-GFP retroviral vector. Retrovirus-containing supernatant was produced in the Ecotropic Phoenix Packaging Cell Line and used to infect BM cells.
Hydrodynamic gene delivery
The mouse IL-5 coding sequence was amplified by RT-PCR and cloned into pLIVE in vivo expression vector (Mirus Bio, Madison, WI, USA). Endotoxinfree plasmid DNA (100 mg) was injected intravenously in PBS in a volume equal to 10% body weight (0.1 ml/g) within 5 s. 
Statistics
Mean values, SD, SEM, Student's t test (unpaired), and one-way ANOVA with 95% confidence interval were calculated using Prism software (GraphPad Software, La Jolla, CA, USA). ). Strikingly, Pik3cg tm1Pngr mice infected with influenza virus PR8 showed increased weight loss and mortality ( Fig. 1A and B) associated with 10-to 15-fold elevated virus titers in lungs from d 3 throughout the course of infection ( Fig. 1C and D) . Similar results were obtained with heterozygous Pik3cg tm1Pngr+/2 instead of pure C57BL/6 WT mice as controls (data not shown). To address whether the lack of PI3Kg altered antiviral immunity, we analyzed influenza-specific T and B cell responses. The numbers of virus-specific (i.e., NP34 + ) and total CD8 + T cells in the BAL of Pik3cg tm1Pngr mice were increased insignificantly ( Fig. 1E ). Furthermore, virus-specific IgG2c and IgG1 antibody titers in the serum were similar in WT and Pik3cg tm1Pngr animals ( Fig. 1F) , indicating intact T and B cell responses in the absence of PI3Kg. However, a striking difference between WT and Pik3cg tm1Pngr mice could be observed in the frequency of AMs during infection, which were completely absent in Pik3cg tm1Pngr animals (Fig. 1G) . Notably, a deficiency in AM was already present in naïve mice and corresponded with a pronounced alveolar proteinosis (data not shown). To establish whether AM deficiency was a result of the radiosensitive (hematopoietic) or radioresistant (lung stroma, parenchyme, and epithelia) compartment in Pik3cg tm1Pngr mice, we generated crisscross BM chimeras of WT and Pik3cg tm1Pngr mice using CD45 congenic markers to allow separation of donor and host cells. Eight weeks after adoptive transfer, WT (CD45.2) and Pik3cg tm1Pngr recipients (CD45.2), reconstituted with WT (CD45.1) BM, showed a comparable frequency of AMs in BAL and lung (Fig. 1H) . In contrast, hematopoietic stem cells of Pik3cg tm1Pngr mice did not develop to AM. The few lung macrophages present in WT recipients were all host (CD45.1 + )
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derived, indicating that they had survived radiation. As expected, no AMs were detectable in Pik3cg tm1Pngr → Pik3cg tm1Pngr chimeras. Thus, the absence of the PI3Kg activity in hematopoietic cells was associated with a defect in AM. We next addressed whether the PI3Kg gene plays a cell-autonomous role for AM development by reconstituting irradiated mice with BM of WT and Pik3cg tm1Pngr mice. AMs were derived only from WT BM (Fig. 1I) , indicating a cell-autonomous requirement for PI3Kg signaling in AM development.
Taken together, these data indicated an essential role of PI3Kg in AM development and that lethal outcome of influenza virus infection Pik3cg tm1Pngr mice may be attributed to a deficiency in AM.
AM deficiency in Pik3cg tm1Pngr mice is independent of PI3Kg
PI3Kg has been suggested to have both kinase-dependent and independent functions [13] . To determine whether the role of PI3Kg in AM development was dependent on the kinase function, we analyzed the lungs of naive PI3Kg KD animals (Pik3cg KD ) carrying an inactivating point mutation in the kinase domain of the protein [13] for the presence of AM. The frequency of AM in these animals was compared with WT mice (Fig. 2A) . Surprisingly, an independently generated complete PI3Kg knockout strain (Pik3cg tm1Wym ) [12] that was included in this experiment did not show any reduction in the frequency of AM in BAL or lung ( Fig.  2A ) in striking contrast to the previously characterized Pik3cg tm1Pngr knockouts. The lack of an AM phenotype also corresponded to an unimpaired survival of Pik3cg tm1Wym animals to low-dose (50 PFU) influenza virus infection (Fig. 2B) . Overall, these results suggested that the lack of AM in Pik3cg tm1Pngr animals and the concurrent mortality following low-dose influenza virus infection were, in fact, independent from the deficiency in PI3Kg.
As the AM phenotype had been transmissible by BM transfer, we judged a possible environmental cause for the AM phenotype, such as a differing microbiota in the Pik3cg tm1Pngr strain, as unlikely and concluded that a genetic difference was most likely the cause for the AM phenotype. Both Pik3cg 2/2 mouse strains had been shown to be complete knockouts [9, 12] , even targeting the same exon. For this reason, we suspected that the phenotype was likely caused by a spontaneous mutation that is present in Pik3cg tm1Pngr but not Pik3cg tm1Wym mice. To determine whether the deficiency in AM was, in fact, a result of the presence of an additional genetic mutation, specific to the Pik3cg tm1Pngr mouse strain, we crossed Pik3cg tm1Pngr animals to C57BL/6 mice and then intercrossed the F1 generation ( Table 1) . The resulting F2 mice were then screened for the presence of the AM phenotype, as well as the Pik3cg tm1Pngr allele. We identified individuals with homozygous WT alleles for Pik3cg that nonetheless lacked AM. Thus, this analysis revealed that the AM-deficiency phenotype could be separated from the targeted Pik3cg locus and that the AM deficiency causing mutation was inherited in an autosomal-recessive fashion and was unlikely linked to Pik3cg (single-point logarithm of the odds score of 0.69 from 138 meiosis; Table 1 ).
Pik3cg
tm1Pngr mice are functional GM-CSFRa knockouts as a result of spontaneous mutations in the Csf2ra gene To determine whether a spontaneous mutation in Pik3cg conducted whole-genome sequencing. To limit the amount of variation from the C57BL/6J reference strain, Pik3cg tm1Pngr AM-deficient male mice (on a mixed 129P2/OlaHsd;C57BL/6J background) were serially outcrossed to WT C57BL/6 females and intercrossed, which revealed inheritance of the phenotype in a Mendelian manner (data not shown). After the third intercross, genomic DNA was prepared from 3 AM-deficient mice (WT at the Pik3cg locus) and subjected to whole-genome sequencing. A total of 2,736,718 unique variants was called across 3 samples, of which 57,766 were homozygous in all 3. The majority of variants was present on chromosomes 3, 7, and 19 ( Fig. 2C) , suggesting that these chromosomes harbored variants from the original E14 embryonic stem cell line (129P2/OlaHsd origin) used to generate the Pik3cg tm1Pngr allele [9] . Two hundred of these variants fell within protein-coding exons or essential splice sites (i.e., within 2 bp of an exon-intron boundary), 99 of these were predicted to change protein-coding sense (i.e., were nonsynonymous, stopgain, stoploss, frameshift, or splice variants), and only 8 of these 99 were absent from dbSNP 138 (which includes variants from the 129P2/OlaHsd inbred strain; Table 2 ). Of the genes affected (Nr2c2, Tmcc1, Sugp1, Pdzd3, Nadk2, Robo1, Muc2, Csf2ra; Supplemental Table 1 ), Csf2ra was a prime candidate, given that it encodes the GM-CSFRa chain, which is a subunit of the heterodimeric GM-CSFR. The Csf2ra variant [chr19:61225575-61225576 (mm10)] was a 2 bp frameshift deletion within codon 302 (from a total of 388) in exon 9 ( Fig. 2D and F) . This variant was on the same allele as another at position chr19:61225572 (Fig. 2D ), suggesting that it had arisen on the variable 129P2/ OlaHsd background. Indeed, when we examined the broader context of the variant, the 2 bp Csf2ra deletion was flanked by a high density of shared homozygous variants on distal chromosome 19, where Csf2ra was the second-most distal gene (Fig. 2E) . Importantly, the 2 bp deletion, resulting in replacement of alanine with glycine (A302G), was directly followed by a point mutation (C → T) in exon 9 that generated a premature stop signal in the extracellular part of the protein upstream of the WSXWS motif and the transmembrane domain (Fig. 2F ). This mouse line (Csf2ra A302Gfs* 1) was designated Csf2ra m1Kopf . The mutations were confirmed independently by Sanger sequencing of the genomic DNA region in mice from the colony carrying the AM-deficiency phenotype (Fig. 2G) . Overall, these results demonstrated that the deficiency in AM observed in Pik3cg tm1Pngr was not a result of absence of PI3Kg but resulted from abrogated GM-CSF signaling as a consequence of spontaneous mutations in the Csf2ra gene causing a premature translational stop. Notably, the homozygous Muc2 variant (Supplemental Table 1 ) found in the Pik3cg tm1Pngr mice is a 3 bp deletion across a noncanonical splice site [chr7:141701485-141701487, delAAA (mm10)] and therefore, a potential null allele, which may promote colorectal cancer development [10, 11] .
Consistent with the predicted truncation of the GM-CSFRa that consequently lacks the transmembrane domain, we did not detect membrane-bound GM-CSFRa protein on monocytes and neutrophils from Csf2ra m1Kopf mice, whereas it was expressed on cells of WT mice (Fig. 3A) . To demonstrate a functional consequence of the lack of GM-CSFRa, we conducted an in vitro experiment using GM-CSF to differentiate DCs from naïve BM. In this assay, differentiation of BMDCs is strictly dependent on GM-CSF. As a control, we also used Flt3L to differentiate DCs from BM, which is also a well-established DC differentiation protocol. We found that GM-CSF-dependent DC differentiation and proliferation were completely absent in the BMDC culture derived from BM of Csf2ra m1Kopf mice, whereas Flt3L-mediated differentiation and expansion remained comparable with WT ( Fig. 3B  and C) . These results confirm a GM-CSF-specific signaling defect in Csf2ra m1Kopf mice. To demonstrate that signaling through the common GM-CSFRb chain was still intact, we overexpressed IL-5 in vivo in WT, Csf2ra m1Kopf , and Csf2rb 2/2 mice using hydrodynamic injection of an IL-5-encoding expression vector. The strong induction of IL-5 induced a pronounced blood eosinophilia in WT and Csf2ra m1Kopf mice but was absent in Csf2rb 2/2 mice that lack the GM-CSFR common b chain ( Fig. 3D and E) . In addition, Csf2ra m1Kopf mice with an intact Pik3cg gene showed severe pulmonary proteinosis, accumulation of dead cells in the alveoli, and severe morbidity following influenza infection (Fig. 4 , and data not shown) reminiscent of Csf2 2/2 and Csf2Rb 2/2 mice [15] , providing further evidence of a complete defect of GM-CSF signaling. Overall, these results demonstrated that Csf2ra m1Kopf mice are functional knockouts for the GM-CSFRa, which selectively affects the GM-CSFR complex, while signaling through the common b chain is intact.
Overexpression of WT Csf2ra restores GM-CSF signaling in Csf2ra m1Kopf mice
To prove that the mutation in Csf2ra was indeed responsible for the complete block in GM-CSF signaling, we infected Csf2ra m1Kopf BM cells with a retrovirus encoding the WT GM-CSFRa, followed by IRES-GFP, and cultured them under GM-CSF-dependent, BMDC-differentiating conditions. Overexpression of WT GM-CSFRa restored capacity of BM cells to respond and proliferate in the presence of GM-CSF (Fig. 5A) . Moreover, the differentiation into BM-derived CD11c + MHCII + DCs was rescued in cells transfected with the WT GM-CSFRa, whereas untransfected BM cells from Csf2ra m1Kopf mice were not able to generate BMDCs, similar to WT cells that were cultured without GM-CSF (Fig. 5B) . Overall, we here describe the discovery of a mouse line carrying spontaneous mutations in the Csf2ra gene that resulted in a premature translational stop and truncation of the GMCSFRa chain. As a consequence, GM-CSF signaling is completely abrogated, resulting in the failure of AM to develop. This mouse strain could be useful to study GM-CSF signaling without affecting the signaling of other cytokines that share the common b chain.
DISCUSSION
GM-CSF is strictly required for development of AMs in humans and mice [21] [22] [23] [24] . We have recently established that Csf2 2/2 and Csf2rb 2/2 mice develop lung failure and succumb following low-dose influenza virus infection, as a result of the absence of AMs [15] . In this study, we found that Pik3cg tm1Pngr mice succumb to a low dose (i.e., 50 PFU) of pulmonary influenza virus infection with apparently unimpaired T and B cell responses. This is in contrast to Pik3cg tm1Wym and Pik3cg KD (Pik3cg tm1Ehi ) mice that exhibit increased morbidity only after high-dose infection (i.e., .200 PFU), as a result of a defect in lung DC-mediated CD8 + T cell responses [25] . Reconciling the conflicting data, we show that [25] is blurred in Pik3cg tm1Pen mice, probably because of increased pulmonary inflammation and proteinosis in the absence of AMs already-prior infection.
The findings presented above are significant, as they, for the first time, report a mouse strain deficient in the GMCSFRa chain as a result of a spontaneous mutation similar to those found in humans [21, 26] . To date, studies addressing the role of GM-CSFR in PAP have strongly relied on tools targeting either GM-CSF or the receptor b chain [27] , and most recently, Csf2rb 2/2 mice have been used to demonstrate the therapeutic potential of transfer of pulmonary macrophages to treat PAP [28] . However, as a result of the fact that Csf2rb is also used in IL-3 signaling [29] and is necessary for signaling to IL-5 [27] , this is not a clean system to study the role of GM-CSF. The future use of the mouse presented in this paper will allow a much more precise investigation of the role of the GM-CSFR signaling in both AM development in general, as well as provide a better model to test therapeutic interventions for PAP in humans. In addition, in some diseases, such as, for example, pulmonary allergic inflammation, both GM-CSF and IL-5 have been implicated to play an important role in disease development, regulating DC activation [30] and eosinophil migration, respectively [31] . Here, a GM-CSFspecific receptor knockout will allow dissection of the roles of this cytokine in this context, more precisely, as it leaves IL-5 signaling completely intact. Furthermore, GM-CSF has also been implicated to play a role in various inflammatory diseases and is currently a target in different clinical trials [32] . The cells responding to this key cytokine have, however, not been characterized in depth, and these studies have been hampered by the lack of a tool providing GM-CSFR deficiency, while leaving IL-3 and IL-5 signaling intact. Thus, in this case, also, Csf2ra 2/2 mice will allow a more stringent experimental set-up to study the role Cholesterol levels were measured as described [15] . All experiments have been performed at least twice. *P , 0.05; **P , 0.01; n = 4/group.
of GM-CSF signaling in development of autoimmunity. Naturally, there is still a need for cell type-specific cytokine receptor knockout animals to dissect the roles of GM-CSF in these settings. Besides the Csf2ra mutation in Pik3cg tm1Pngr mice, we also found a potential null allele of Muc2 in Pik3cg tm1Pngr mice. Mice lacking the mucin Muc2, as a result of a targeted mutation, develop colorectal cancer [11] . Likewise, Pik3cg tm1Pngr mice were originally also reported to develop intestinal adenoma and carcinoma [10] , which was not seen in other lines of Pik3cg 2/2 mice [10, 12] (see Erratum in ref. [10] ). Thus, it is tempting to speculate that the Muc2 gene variant in Pik3cg tm1Pngr mice contributed to colorectal cancer development. The discovery of spontaneous additional mutation(s) in a commonly used knockout mouse strain presented in this paper highlights a phenomenon that is increasingly appreciated as hampering progress in biomedical research. The general assumption that the targeted genetic allele in a knockout mouse is the only genetic difference does not hold in many cases, as additional genetic changes have been found to cause phenotypes previously associated with the targeted allele [5] . Therefore, our results further underline the necessity to be cautious when interpreting data obtained from knockout animals and suggest that gain-of-function studies would often be essential to validate the interpretation of experiments based on targeted genetic loss of function.
In conclusion, our study identifies, to our knowledge, the first GM-CSFRa knockout mouse, which will serve as a useful mouse model to study therapeutic interventions in hereditary PAP, as well as the role of GM-CSF signaling in autoimmunity and other inflammatory diseases. The discovery of this Csf2ra mutation further highlights the necessity to warrant caution when using genetically modified animals and thus, serves as a general warning for scientists to be aware of factors confounding interpretation of experimental data. 
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